The use of reflected power spectra arising from a chirped fiber Bragg grating (CFBG) to extract a nonuniform temperature distribution along the grating has been investigated. The technique uses a discrete Fourier transform (FFT) in which the measured spectrum of the CFBG due to a localised temperature change was simulated using the FFT grating design model. The model operated on the reference spectrum and hypothesis temperature distributions, T(z), to generate a spectrum representative of a localised temperature disturbance. The simulated spectrum was fitted to the measured spectrum using a three-parameter disturbance function operating on position, width and amplitude of temperature change. The rms deviation of the applied value for position of a localised temperature change was 0.14 mm.
INTRODUCTION
Fiber Bragg gratings (FBGs) have a wide range of applications in optical fiber sensing systems especially as strain and temperature sensors. More recently chirped fiber Bragg gratings (CFBGs) have been demonstrated as pressure sensors 1 and strain/temperature sensors 2, 3 for simultaneous measurement of strain and temperature and for distributed strain and temperature measurements for structural monitoring 4, 5 . All such sensors, including quasi-distributed sensors 6 consisting of an array of FBGs, provide an average of the disturbance along the length of each grating.
Intragrating sensing, on the other hand, refers to applications for which it is desired to obtain a profile of the strain or temperature over the length of the grating. Techniques for intragrating sensing based on conventional FBGs have had varying degree of success [7] [8] [9] [10] [11] . One way to overcome problems associated with the use of conventional FBGs is to use a CFBG instead. For example they have been used to extract nonuniform temperature profiles along a grating 4, 5 in terms of the position, width and temperature change of a point-like disturbance. The chirp rate within the CFBG will affect the capabilities; a low chirp rate of 0.77 nm/cm resulted in the disturbance producing internal Fabry-Perot cavities 5 .
This paper reports the analysis of the reflected power spectrum to extract nonuniform temperature distribution along a CFBG having a much greater chirp rate. A localised temperature disturbance was applied to a particular position, z, of the CFBG. The measured spectrum of the CFBG was simulated by the FFT grating design model operating on the reference spectrum and hypothesis temperature distributions, T(z). The spectrum generated from the FFT model was fitted to the measured spectrum employing the three-parameter fitting of center position, width and amplitude of temperature change to extract the temperature distribution, T(z), along the grating length, z. The contribution to the average refractive index by a dc refractive index change ( n dc ) due to this disturbance modifies the local chirp rate and local Bragg wavelength of the region around this position. , respectively. The Bragg wavelength of this region shifts proportionally to the magnitude of temperature change, reducing the grating contribution at this wavelength and increasing the contribution at another. The reduction in reflectivity at R( ) corresponds to the position, z, of the disturbance and the increase in reflectivity at R( ) corresponds to the magnitude of the temperature change calculated from the wavelength shift.
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EXPERIMENTAL METHODS

Grating fabrication
Two CFBGs were fabricated in hydrogen loaded Corning SMF28 fiber with a linearly chirped phase mask ( = 1.06 m, chirp rate = 13.16 nm/cm) using a scanning FBG system. Gratings were exposed with a CW laser beam of power 240 mW at 244 nm. A dither function was used to flatten the average refractive index along the grating length and to remove ripples at the ends of the spectrum. Sensor 1 was fabricated at a translation velocity of 1.0 mm/min and had a length of 15 mm, reflectivity of 30%, FWHM bandwidth of 28.8 nm, and a linear chirp. Sensor 2 was fabricated at a scan velocity of 0.8 mm/min and had a length of 15 mm, reflectivity of 45%, FWHM bandwidth of 28.4 nm and nonuniform exposure at one end of the grating.
Normalisation of spectra
Measured transmission spectra were normalised to an average measured spectrum of the source through a 3 dB, 1550 nm coupler using a fiber with no grating. The reflection spectrum R( ) was normalised to 14.6 dB above an average measured reflection spectrum of an FCPC connector, through a 3 dB, 1550 nm coupler, of reflectivity calculated to be 14.6 dB for SMF28 fiber. Thus a curve 14.6 dB above the measured R( ) of an FCPC connector is that expected of a 100% reflector. Fig. 1 shows the "hot wire" apparatus, in which localised heating was applied to the grating through contact with a thin nichrome wire. The wire, 0.10 mm in diameter, was connected between two insulating ceramic beads mounted on a teflon block. This block was attached, to allow the disturbance position on an optical rail to be controlled. The fiber inscribed with the CFBG was attached between two fiber chucks mounted at the opposite ends of the optical rail. The grating was monitored in reflection using a broadband erbium ASE light source via a 3-dB 1550 nm coupler. The reference and disturbed spectra were measured using an optical spectrum analyser (OSA) with a resolution of 0.1 nm and saved on a computer. 
Experimental arrangement
RESULTS
Fig . 2 shows examples of reference, measured and simulated spectra together with the fitted temperature distribution along the CFBG for position and peak temperature measurements at z = (6.5 0.5) mm, under conditions of natural and forced convection for sensor 1. The expected reduction in reflectivity at short wavelengths and corresponding increase in reflectivity at longer wavelengths are visible in the measured spectra. Extracted temperature profiles show that the sensors are able to detect peak localized temperature change and temperature distribution along the grating. In Fig. 3 , error analyses of position measurements for both sensors are shown. An rms deviation to within 0.14 mm of applied value for position of localised temperature was achieved for sensor 1. Temperature values were consistent with IR camera measurements.
DISCUSSION
The process of estimating the temperature distribution along the CFBG was implemented (Fig. 4) by adjusting three parameters of amplitude, width and position of a hypothesis temperature distribution, T(z), of known shape until the difference, ) ( Q , between the reference vs. disturbed (measured) spectra yielded an acceptably close match to difference, ) ( Q , between FFT generated models R( ) of simulated reference vs simulated disturbance due to a temperature hypothesis, T(z). Reference spectra, simulated reference spectra, measured spectra, fitted disturbance to measured spectra and extracted temperature distribution at z = (6.5 0.5) mm for sensor 1 under natural and forced convection. A candidate function type was user-selected before starting the process, and converted to a hypothesis temperature profile T(z). The FFT model operated on T(z) and the extracted FBG parameters to simulate the first Born approximation of the FBG. The location, amplitude and width of changes between the modeled spectra were compared to those of the measured spectra, and the three parameters of the hypothesis adjusted.
The fast calculation time of the FFT based model enabled trial of a large number of hypotheses, each requiring typically 10 ms to simulate, 50 ms to compare, or 500 ms to plot for examination. The parameters of the final hypothesis indicate the center position, width and magnitude of the temperature disturbance. For small temperature disturbances a Lorentzian hypothesis for T(z) gave a close approximation and for large disturbances, a bi-exponential hypothesis provided the best fit. This was consistent with 1-D heat diffusion equation for small (point-like) heat source and linear rate of heat loss vs. local temperature rise.
CONCLUSION
We have demonstrated the FFT technique for fitting the position, peak temperature, and width of a candidate shape function for the temperature distribution within a CFBG. The rms deviation of fitted position from actual position of the hot-spot was 0.14 mm, similar to those reported previously 4, 5 . However, use of a CFBG with much greater chirp rate resulted in less complicated spectra. Furthermore, the spectrum was an order of magnitude broader than a low chirp rate grating, reducing the resolution requirements of equipment to interrogate the sensor. This technique may suit application to monitoring the temperature distribution during hyperthermic shock treatment of cancerous tissue, and is of the correct dimension and temperature scale to examine temperature profiles in electronic and power conversion devices. 
